ABSTRACT: The effect of stacking of end groups on the rheological behavior of supramolecular polymer melts is reported. Oscillatory shear experiments in the transition zone from the pseudo rubber plateau to the flow region of telechelic polycaprolactones (PCLs) with ureidopyrimidinone (UPy) end groups directly attached to PCL can be fitted with a single Maxwell element. This demonstrates that dimerization of the UPy groups is unidirectional and that reversible chain scission is faster than reptation. If the UPy groups are connected to the polymer via a urethane linker, a low-frequency plateau in G′ is observed. This is ascribed to the formation of a network of stacked UPy dimers, aided by urethane hydrogen bonding. Below their melting point, these stacks form long fibers in the urethane linked supramolecular poly(methyl caprolactone), which were observed with atomic force microscopy (AFM). Steric hindrance interferes with stacking, since the plateau in G′ is lower in a urethane linked polymer with bulky adamantyl-UPy end groups.
Introduction
Supramolecular polymers, [1] [2] [3] [4] polymers in which the monomeric units are held together by noncovalent interactions, form a novel class of materials, which has aroused considerable fundamental and practical interest. These polymers combine many properties of covalent polymers with those of low molecular weight materials, due to the reversibility of the noncovalent interactions. Many different kinds of interactions such as metal coordination, hydrophobic, van der Waals, or electrostatic interactions have been used to form supramolecular polymers. However, in the design of stable supramolecular polymers, employing arrays of multiple hydrogen bonds is probably the strategy with the best prospects for applications. 5 Following the pioneering work of Lehn 6, 7 and co-workers on the use of triple hydrogen bonds, supramolecular polymers based on three, 8 four, 9, 10 or more [11] [12] [13] [14] [15] [16] hydrogen bonds have been reported. In our laboratory, ureidopyrimidinone (UPy, Scheme 1) was developed as a self-complementary quadruple hydrogenbonding unit with a high dimerization constant (K dim ) 6 × 10 7 M -1 in CHCl 3 ). 10, 17 UPy has been used extensively by us and by others as a binding unit for supramolecular polymers. 10, [18] [19] [20] [21] Its synthetic accessibility, and the ease with which small molecules [22] [23] [24] as well as telechelic polymers, 20, 25, 26 e.g., poly-(ethylene butylene) (PEB), 18, 27 can be functionalized with UPy moieties to form supramolecular polymers with a wide range of properties, promise to enable the transformation of supramolecular polymers from a scientific curiosity to a concept with a wide range of practical applications. 5 The growth of applications of UPy-based supramolecular polymers further enhances the importance of a thorough understanding of the relation between chemical structure and mechanical properties of supramolecular polymers. In the past, we have emphasized the importance of unidirectionality of hydrogen bonding in order to establish supramolecular polymers as a class of materials directly analogous to linear covalent polymers. Properties of UPy-based supramolecular polymers in solution, particularly the concentration dependent viscosities, show excellent agreement with the predictions of the theoretical model of Cates. 28 This model was developed to describe the properties of a specific type of linear supramolecular polymers: solutions of wormlike micelles. [29] [30] [31] It predicts the dynamics of entangled supramolecular polymers in the framework of the reptation model by taking into account the breaking and recombination of unidirectionally associating sticky end groups.
Parallel to the development of linear supramolecular polymers, strong multidirectional hydrogen-bonding units have been developed by Stadler et al. [32] [33] [34] to form networks in polymeric materials as supramolecular analogues of cross-linked polymers, and the dynamic properties of these materials have been investigated theoretically with the "sticky reptation" model. [35] [36] [37] UPy-based supramolecular polymeric materials prepared from telechelic polymers by functionalization with UPy synthons 18, 25, 27, 38, 39 are promising candidates for applications. The rheology of the melt state of such UPy-telechelic polymers is more complex 40, 41 than for unidirectionally associated telechelic monomers or for the coordinatively cross-linked polymer networks described by Craig [42] [43] [44] and co-workers. Unusual rheological behavior was observed by Rowan 45 and co-workers when they examined poly(THF) functionalized with modified adenine and cytosine. Although the association constant between the nucleobases is very low (<5 M -1 ), materials with film and fiber-forming capabilities were obtained. Whereas the cytosinemodified polymer resulted in a critical gel over a large temperature range, the material properties of the adeninemodified polymer were shown to be temperature dependent. Between 50 and 90°C, thermorheologically simple behavior was observed, complying with TTS. The observed plateau modulus was higher than expected, and the lack of terminal viscosity suggested extremely long relaxation times. The long living interactions were proposed to orginate from phase separation between the polymer backbone and π-π stacking of the adenine units. Increasing the temperature up to 100°C resulted in characteristic gel behavior, visualized by parallel lines in a plot of log G′ and log G′′ against frequency, whereas above a temperature of 130°C, loss of the polymer-like properties was observed for both modified polymers.
The complex rheology of supramolecular structures suggests that multiple relaxation processes are operative. In particular the presence of a plateau in the storage (G′) modulus at lower frequencies suggests that an understanding of the molecular background of the behavior of these materials should include multidirectional association of the UPy units in the melt as well. Indeed, UPy groups have been shown to aggregate strongly beyond the dimeric state in UPy-telechelic poly(ethylene butylene) 27 to form long fibers, which enhances their mechanical properties. The formation of fibers was proposed to result from stacking of the UPy groups, which is aided by hydrogen bonding of urethane or urea groups next to the UPy units.
In order to study the effects of stacking in polar polymers and at higher temperatures, we decided to compare the rheology of UPy telechelic polycaprolactone (PCL) derivatives. Supramolecular polymers based on PCL are biocompatible and biodegradable, and the functionality can be introduced in a modular way. 25, 46 Surface morphologies of several supramolecular PCL derivatives have been investigated by atomic force microscopy and have shown the presence of fibers at room temperature. 47 Unfunctionalized PCL is a semicrystalline material, which is flexible at room-temperature due to its low glass transition temperature (T g ) -60°C) and which melts above 60°C. 48 This polymer has important applications as a biomaterial. 49 In the present paper, we report on the rheology of low molecular weight UPy-telechelic polycaprolactone derivatives 1-4 (Scheme 2). The high sensitivity of rheology for network formation allows us to investigate the effects of variations in structure and molecular weight on stacking in unprecedented detail. Structural variations include the absence or presence of a urethane group close to the UPy end groups in compounds 1 and 2, respectively; the length of the polymeric linker in polymers 2a-2c, and the presence of a bulky adamantyl substituent on the UPy end groups in 3. The rheology of these compounds is compared with that of their high molecular weight covalent counterpart (PCL 80k). Since the semicrystalline nature of the polycaprolactone supramolecular polymers displays mainly crystalline platelets in AFM phase images, 47 a UPy telechelic polymer with an amorphous linker (poly(methyl caprolactone)) is used to study surface morphology with AFM. All polymers are fully characterized by differential scanning calorimetry (DSC) and variable temperature infrared spectros- -telechelic Polycaprolactones PCL 2k and PCL 80k, and UPy-telechelic Polycaprolactones 1, 2, 3, and 4 copy (VT-IR). The rheological behavior is analyzed within the framework of Cates' theory for polymer 1 and with the use of a reversible network model for polymers 2-4.
Experimental Section
2.1. Chemicals. High molecular weight polycaprolactone (PCL 80k; M n ) 80 kg/mol, PDI 1.55) was used as received from Aldrich. Low molecular weight hydroxytelechelic polycaprolactone (PCL 2k; M n ) 2 kg/mol, PDI 1.8) was used as received from Acros. Hydroxytelechelic polycaprolactone with molecular weights of 1 and 4 kg/mol were prepared by ring opening polymerization of -caprolactone (Aldrich) using tin(II) 2-ethylhexanoate (Aldrich) and diethylene glycol (Acros) as initiator. 4-Methyl-caprolactone was obtained by a Baeyer-Villiger oxidation as described in the literature. 50 Hydroxytelechelic poly(methyl-caprolactone) was prepared by ring opening polymerization of 4-methyl-caprolactone using hexane diol (Acros) as initiator and fumaric acid (Acros) as catalyst (see the Supporting Information 19 F chemical shifts are reported in ppm relative to C 6 F 6 but were actually measured relative to R,R,Rtrifluorotoluene (TFT), δ ) -64.00 ppm, as internal standard. Infrared (IR) spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer with a Universal ATR Sampling Accessory for solids. Gel permeation chromatography (GPC) was performed on a Shimadzu LC-10ADvp, using a Shimadzu SPD-M10Avp foto diode array detector at 254 nm and a PLgel 5 μm Mixed C (200-2 × 10 6 g/mol) column in serie with a PLgel 5 μm Mixed D (200-4‚10 5 g/mol) column. THF was used as mobile phase (1 mL/min, room temperature) and polystyrene standards were used for calibration. Sample concentrations were 1-3 mg/mL in the eluent solvent. A 19 F NMR sample of the HFA adduct of the hydroxyl groups of PCL 2k and ureidopyrimidone functionalized polycaprolactone derivatives was prepared by adding 0.3 mL of HFA (0.2 mM) solution in CDCl 3 to a solution of 15-50 mg of PCL 2k or polycaprolactone derivatives in 1 mL of CDCl 3 dried on molsieves. 5 μL of R,R,R-trifluorotoluene was added as internal standard.
Differential Scanning Calorimetry (DSC
2.5. Variable Temperature Infrared Spectroscopy. Attenuated total reflection infrared (ATR-IR) spectroscopy was measured on small polymer films using a BioRad Excalibur 3000 spectrometer equipped with a Specac Golden Gate ATR setup. The IR spectra were recorded over a spectral range of 650 up to 4000 cm -1 with a resolution of 4 cm -1 co-adding 8 scans. Spectra were recorded after 3 min of equilibration upon reaching the desired temperature. For temperature calibration, benzyl (Reichert, Vienna, T m ) 95°C), phenyl ether (Fluka, T m ) 27°C), biphenyl (Across, T m ) 68°C), and benzoic acid (Merck, T m ) 122°C) were used as reference compounds. All given temperatures are corrected using this calibration.
2.6. Rheology. Oscillatory shear experiments were performed on a Rheometrics ARES over a broad range of temperatures (70-130°C) and angular frequencies ω (0.001-500 rad/s). In each measurement, the applied strain was maintained at a constant nominal value within the linear viscoelastic range, determined with strain sweeps. The measurements were performed using parallel plate geometry, maintaining a distance between the plates of approximately 1 mm. Specimens with dimensions of 25 and 50 mm diameter were used, for which values of the moduli in a range of 10-2 to 10 6 Pa could be measured. All experiments were carried out under nitrogen atmosphere to avoid thermo-oxidative degradation. The characteristic viscoelastic functions, storage modulus (G′), loss modulus (G′′), and complex viscosity (|η*|) have been obtained for different temperatures. Low values in the storage moduli of some of the measured polymers lead to scattering in the tan δ, which prohibited time-temperature superposition (TTS) using the tan δ curves as refernce curve. The use of G′′ curves as reference curves for TTS resulted in representative curves and were therefore used in all cases. In a frequency range of 1-100 rad/s, the horizontal shift factor a T was determined and applied on the measured frequency regime at a reference temperature of 50°C for 4, 110°C for 2c, and at 70°C for all other polymers. The a T data points were fitted with an Arrhenius expression since the temperatures studied are more than 100°C above their glass transition temperatures (-60 to -40°C).
Atomic Force Microscopy (AFM).
A sample of 1 mg of macromonomer 4 was dissolved in 1 mL of chloroform and was subsequently drop-cast on glass cover slips that were cleaned by sonicating in acetone for 15 min and subsequently dried under vacuum at 40°C for a few hours. AFM images were recorded at room temperature in air using a Digital Instrument Multimode Nanoscope IV operating in the tapping regime mode using silicon cantilever tips (PPP-NCH-50, 204-497 kHz, 10-130 N/m) with scan rates between 0.5 and 1 Hz. All images are subjected to a first-order plane-fitting procedure to compensate for sample tilt.
Results

Synthesis.
To obtain polymer 1, the amine end groups of the PCL 2k intermediate (Scheme 3) were functionalized with UPy moieties. The amine telechelic polymer is not very stable and is thought to decompose via backbiting of the amino end group followed by elimination of a lactam, or by the corresponding intermolecular process. Both reactions result in the loss of the amino end group. Therefore, the intermediate was not isolated but was reacted immediately with activated isocytosine 5 23 to obtain the directly linked polymers. Macromonomer 2b was synthesized by reaction of the commercial PCL 2k (M n ) 2 kg/mol) with isocyanate-functionalized ureidopyrimidinone (UPy), according to a procedure described previously. 25 Macromonomers 2a and 2c were synthesized analogously to 2b, using polycaprolactones with a molecular weight of 1 and 4 kg/mol, respectively (see the Supporting information).
To obtain macromonomer 3, modified UPy synthon (6; Scheme 4) was synthesized, containing a bulky adamantyl group. This synthon was coupled to the polycaprolactone according to a common procedure. 25 Macromonomer 4 was obtained by ring opening polymerization of 4-methyl-caprolactone using fumaric acid as a catalyst and hexane diol as initiator (see the Supporting Information) and isocyanate-functionalized ureidopyrimidinone (UPy) was coupled according to a procedure described previously. 25 Molecular weights (M n ) of the products were determined by 1 H NMR and by GPC (THF, PS standard) and are listed in Table 1 . Comparison of the molecular weights of macromolecules 1-4 obtained by GPC and 1 H NMR (Table 1) shows an overestimation of 25-55%. These values are close to the expected overestimation of 35% reported 51 for molecular weight determination of PCL by GPC using PS standards. Furthermore, the amount of hydroxyl end groups was determined by observation of HFA-adducts in 19 F NMR (see below) and from these values the maximum degree of polymerization (DP max ) was calculated (Table 1) .
3.2. Degree of Functionalization. Purity and hydrogen bond formation between UPy moieties was determined using 1 H NMR. In deuterated chloroform, all products showed the characteristic set of three peaks at 13, 11.8, and 10.1 ppm for the intermolecular hydrogen bonds and at 5.8 ppm the intramolecular hydrogen bond was observed for all products. Functionalization of the low molecular weight telechelic polymers led to a very distinct improvement in mechanical properties. Whereas the telechelic PCL 2k is a waxy solid, all UPy functionalized products are strong and elastic materials. These differences are attributed to supramolecular chain extension by hydrogen bonding. 18 1 H and 13 C NMR do not allow the quantitative determination of very small amounts of unreacted hydroxyl and amine end groups due to insufficient sensitivity of these techniques. A method using hexafluoroacetone (HFA) to determine hydroxyl end groups in polymers has been shown to be successful. 39, 52, 53 The strength of this method lies in the high sensitivity of 19 F NMR, the high 19 F chemical shift dispersion, the absence of fluorine in the polymers, and the fact that six fluorine atoms replace a single proton of the hydroxyl group. The product was monitored using 19 F NMR, and R,R,R-trifluorotoluene (TFT) was used as internal standard to quantify the concentration of hydroxyl groups. This method was applied to PCL 2k and the polymers 2 and 3, all synthesized starting from hydroxyl end capped polycaprolactones. The recorded spectra show the expected signals of TFT (-64.00 ppm), unreacted HFA (-76.31 ppm) and the HFAwater adduct (-83.65 ppm) (see the Supporting Information). The intense peak in both spectra at -80.81 ppm is assigned to the HFA adduct of hydroxyl groups at the end of polycaprolactone (CL-OH) as this peak strongly decreased in intensity after functionalization.
Assuming that the functionality of PCL 2k is exactly 2, based on the integrals of CL-OH and TFT, a number average molecular weight of 2.0 kg/mol was calculated, corresponding to the data provided by the supplier. The amount of hydroxyl groups in 2b based on the residual peak at -80.81 ppm was determined to be 0.024 hydroxyl groups per chain, indicating a high conversion of the UPy functionalization reaction. The other urethane-linked polymers (2a, 2c, and 3) contain 0.013, 0.004, and 0.008 of unreacted hydroxyl groups per chain, respectively. In the case of polymer 1, the amount of hydroxyl end groups, formed by intramolecular amidation, was also determined using 19 F NMR of the HFA adducts. The intensity of the signal, slightly shifted to -80.83 ppm indicated the presence of 0.005 OH end groups per chain. If it is assumed that the remaining hydroxyl groups are part of unimers functionalized with a single UPy group, these numbers correspond to the fraction of stopper molecules, and the maximum supramolecular degree of polymerization (DP) can be calculated to be >80 in all cases (Table  1) . However, in PCL 2k as well as in 2a, 2c, and 3, small signals of unknown HFA-adducts are present between -81 and -83 ppm. Since it cannot be excluded that these represent end groups of UPy containing polymers, which also act as chain stoppers, the supramolecular degree of polymerization of the UPy telechelic macromonomers cannot be established with full certainty.
3.3. Thermal Analysis by Differential Scanning Calorimetry. Differential scanning calorimetry (DSC) was used to study thermal properties of the supramolecular polymers as well as the hydroxy telechelic starting material PCL 2k. The latter exhibited two melt endotherms at 45 and 51°C, with a total heat of fusion of 61.6 J/g. Upon functionalization of PCL 2k with the different UPy moieties, the glass transition temperature of the supramolecular polymers increased as shown in Table 2 . Supramolecular polymer 1 displayed two melting points of 41.3 and 49.5°C. Two melting peaks, at 40.9 and 54.5°C, were also observed for supramolecular polymer 2b. The structural difference between 1 and 2b, with respectively ester and urethane functionality in close proximity to the UPy moieties, apparently has a minor influence on thermal properties. However, lowering the molecular weight of the polymeric linker between the UPy moieties leads to strong changes in thermal properties; 2a displayed a higher glass transition (-39.2°C) and showed a single very broad melting peak, which was shifted to a higher temperature, 87.6°C. Macromonomer 2c, with higher molecular weight PCL between the UPy moieties, displayed also different thermal properties: a slightly shifted glass transition temperature compared to 2b (-55.5°C) and a single broad melt transition at 55.6°C. The DSC trace of 3 displays a single melting endotherm at 44.0°C, with a low melting enthalpy. The low degree of crystallinity of this material suggests that packing of the polymer chains is inhibited by the bulky adamantyl group on the UPy end groups of this polymer. The thermal behavior of macromonomer 4 is similar to that of 3: one melting peak around 40°C (39.7°C) with a low melting enthalpy of 5.8 J/g. The polyester backbone of 4 is amorphous and does not contribute to the crystallinity of the polymer, and therefore, the observed peak originates from the UPy moieties. A crystallization temperature of 20°C was observed for PCL 80k, higher than the crystallization temperatures observed for the polycaprolactone backbones of polymers 1 and 2a, which are -2.8 and -29.2°C, respectively. Therefore, it is suggested that the presence of the UPy moieties decreases the crystallization rate of the semicrystalline PCL backbones.
3.4. Variable Temperature Infrared Spectroscopy. Variable temperature attenuated total reflection infrared spectroscopy (VT-IR) is a valuable technique for the assignment of melting of functional groups or polymer parts or to study interactions between polymers after blending, 54-58 since bands often shift or change in intensity when the direct environment of a functional group changes. Coleman 56, 59 and others 60, 61 have studied polycaprolactone intensively and reported a shift from 1724 cm-1 (crystalline ν s (CdO)) to 1737 cm -1 (amorphous ν s (CdO)) upon melting. Furthermore, a band at 1293 cm -1 , corresponding to the C-O and C-C stretch vibrations in the crystalline phase, also disappeared upon melting. Although the bands of the UPy moiety have not been assigned to specific vibrations, 24,62 a characteristic band has been observed at 1668 cm -1 , which shifts to 1661 cm -1 upon melting. In the region between 3155 and 3130 cm -1 , a band is observed of the intermolecular hydrogen bond of the UPy dimer in the keto tautomeric form. 24 In polymer 2b, the latter band was observed at all temperatures with little change in intensity. This demonstrates that, at least up to 120°C, nearly all UPy moieties are present as dimers.
To distinguish between the polyester chain and the UPy moiety, the band at 1293 cm -1 was used to evaluate the presence of crystalline polycaprolactone, and the shift from 1668 to 1661 cm -1 was used to establish melting of UPy crystallites in the polymer matrix. To disregard differences in molecular weight of the polymer backbone, VT-IR experiments were performed on polymers 1, 2b, 3, and 4.
Upon heating 2b, a clear transition between crystalline and amorphous caprolactone was observed by disappearance of the band at 1293 cm -1 at 47°C ( Figure 1A) , slightly higher than the first observed melting transition in DSC (Table 2 ). This value of the melting transition of caprolactone corresponds to the values reported in the literature. 60, 63, 64 At 62°C, at a somewhat higher temperature than the second melting peak in DSC, a significant shift of the band at 1668 cm -1 to 1661 cm -1 ( Figure  1B) was observed, and therefore, this transition is ascribed to melting of the UPy moieties. Another way of plotting the same data can give a clearer view of melting of the two parts of the polymers. In Figure 1C , the intensity of the bands at 1293 and 1668 cm -1 of 2b are plotted against temperature to clearly show the transitions occurring for the two melting processes. The signals corresponding to the melting of the UPy moiety and of caprolactone occur closely to each other for 1, as was also observed in DSC ( Figure 1D , Table 2 ). A closer look reveals melting of the caprolactone part at 51°C and the UPy melts at a temperature of 54°C. These values differ from the values observed in DSC, which is probably due to the fact that the melting of the two parts occurs simultaneously and influence each other.
In compound 3 ( Figure 1E ), the intensity of the band of the UPy dimer at 1668 cm -1 was nearly constant, indicating that melting of the UPy moieties is not occurring. At 44°C, a clear transition in the intensity of the signal at 1293 cm -1 is observed, which corresponds nicely to the value of the melting peak observed in DSC and is hereby assigned to melting of caprolactone. Opposite behavior is observed for macromonomer 4 ( Figure 1F ), and as expected, a constant value for the intensity at 1293 cm -1 is observed, indicating the absence of a melting transition for methylcaprolactone. The change in intensity for the signal at 1668 cm -1 is observed at 40°C, corresponding to the value found in DSC, and this melting transition is assigned to melting of the UPy moiety.
3.5. Atomic Force Microscopy. The UPy segments of telechelic PEB have been shown with atomic force microscopy (AFM) to crystallize in very long fibrils. 27 Similar fibers were observed by Wilkes et al. when examining segmented polyurethaneurea copolymers with the same 65, 66 and other soft segments 67 by AFM. The observed fibers are attributed to stacking via hydrogen bonds between the urethanes and ureas present in the copolymers. Visualization of the proposed UPy stacks in urethane coupled UPy polycaprolactones 2 using AFM is hindered by the high crystallinity of caprolactone, which will result in images displaying mainly crystalline plates of caprolactone. 47 Measuring AFM on 2b at a temperature above the melting temperature of caprolactone is not possible as the molten caprolactone becomes very sticky and the AFM tip cannot slide over the polymer film. Therefore, macromonomer 4 (M n ) 3.9 kg/mol) containing an amorphous poly-4-methyl-caprolactone backbone was studied with AFM. This material displayed a single melting temperature with a low melting enthalpy, attributed to melting of the UPy crystallites (vide supra). In the AFM image (Figure 2 ) of a drop cast film of 4, fibers are clearly visible. Because the polymer backbone is amorphous in 4, the fibers originate from crystallization of the UPy moieties, which melt at 40°C.
Oscillatory Shear Experiments.
The improvement in mechanical properties and the change in thermal properties show that functionalization of polymers with UPy end groups has an enormous impact on their properties. Oscillatory shear experiments in the linear viscoelastic regime were performed to get insight in the mechanism of the formation of higher molecular weight species and identification of the rheological relaxation processes. All experiments were performed in the melt between 70 and 130°C, above the melting temperatures (Table 2) and well below the temperature (∼150°C) at which ureidopyrimidinone units degrade thermally.
To enable comparison of the supramolecular polymers with covalent PCL, rheological properties of PCL 2k and PCL 80k were measured too. For the low molecular weight PCL 2k a very low, frequency independent complex viscosity (∼1 Pa‚s at 70°C) was observed, characteristic for low molecular weight polymers.
The horizontal shift factors a T , used to create rheological master curves for all polymers are shown in Figure 3A . The slopes for PCL 2k and PCL 80k are similar in value (1.5 × 10 3 and 1.4 × 10 3 , respectively), indicating a similar temperature dependence of the polymers. The slopes of the curves in Figure  3A (listed in Table 3 ) for the supramolecular polymers (3.5-5.1 × 10 3 K) are significantly higher than for the covalent polycaprolactones. The high values for the supramolecular polymers indicate that their rheology is much more temperature dependent than for the covalent ones. Surprisingly, the slope in the plot of polymer 4 changes strongly at a temperature of 100°C as can be seen in Figure 3B , indicating a transition of unknown origin.
From the Arrhenius plot ( Figure 3A,B) , activation energies can be calculated using eq 1
The values of the calculated activation energies are also listed in Table 3 . For conventional polycaprolactones a value of 40 kJ/mol is reported in literature. 68 The values for the polycaprolactons are somewhat lower, whereas those of the supramolecular polymers are considerably higher. The activation energy found for the low-temperature regime of polymer 4 (50-100°C) corresponds to the values obtained for the other supramolecular polymers, whereas in the high-temperature regime (100-130°C), a value closer to the values of the unfunctionalized polycaprolactones is observed.
Master curves of G′ and G′′ for PCL 80k using the WLF time temperature superposition principle (TTS) 69 and a reference temperature of 70°C are shown in Figure 4A . This polymer shows the normal viscoelastic behavior as expected, with slopes of 2 and 1 for G′ and G′′ in the terminal (flow) regime and a plateau modulus of 2 × 10 5 Pa. Polydispersity and Rouse-like relaxation modes lead to curvature in the plot of G′ in the frequency range just below the plateau. It is not possible to measure the rubberlike plateau zone and the transition to glassy region of our polymers and supramolecular polymers, because for that purpose much higher frequencies are needed (e.g., forced vibrations in resonance (10 5 rad/s) or even wave propagation (up to 2 × 10 10 rad/s) 70) . For the other method (TTS) we would have to make use of temperatures lower than 70°C in order to increase the frequencies of the master curve. However, this is 
not possible because the melting temperatures of the polymers used are close to 70°C. Although the molecular weight of the monomer of supramolecular polymer 1 is only slightly higher (2.9 kg/mol) than of its precursor (2.0 kg/mol), high values of 10 5 -10 6 Pa were measured for the plateau of the storage modulus ( Figure 4B ), similar to the values reached for PCL 80k.
Like in PCL 80k, a crossover for G′ and G′′ is observed in Figure 4B , but here the plot shows almost ideal Maxwell behavior with slopes of 2.0 (G′) and 1.0 (G′′), and little curvature up to the crossing point of the curves where Rouse like modes start to dominate the relaxation behavior. Because the highfrequency part is not accessible, a Cole-Cole plot (see the Supporting Information) cannot be used to demonstrate Maxwellian behavior in the rubber plateau. However, behavior of 1 in the frequency range up to the rubber plateau can be described by a single Maxwell element with a relaxation time of 1.6 ms.
The apparent scattering of the storage modulus observed in the low-frequency range of the supramolecular polymers, and in particular of macromonomer 4, is in fact a systematic change with temperature. We attribute this systematic deviation to the presence of a very fragile, low modulus physical network that does not obey the normal WLF time temperature superposition. This becomes very clear in the rheology of 2b ( Figure 4C ) where a plateau zone is present with an equilibrium shear modulus, G e , which decreases from 5700 Pa at 70°C to 2050 Pa at 130°C. The presence of such a network is not clear in 1 and 3: here physical cross-links may be present but not enough to form a physical network (less than one cross-link per weight average supramolecular polymer if the functionality of the cross-links is 4). Because of the height of the loss moduli, they will be hardly affected by the formation of the network in the range of frequencies measured. For that reason, the TTS can still be applied on the measurements of the loss moduli, even if physical cross-links are present.
The single structural difference between macromonomers 2b and 1 is the presence of a urethane linkage in close proximity to the UPy end group instead of an ester. Nevertheless, the master curves of compound 2b ( Figure 4C ) differ drastically from that of 1.
Oscillatory shear experiments on macromonomers 2a and 2c show that the presence of the plateau at low frequencies is dependent on the density of functional end groups ( Figure 5 ). The master plot ( Figure 5A ) of the shorter macromonomer 2a (M n ) 1 kg/mol) is similar to the master curve of 2b. Concurrent with the increased concentration of end groups in this material, the formation of the reversible network is enhanced and the observed plateau in G′ extends to higher frequencies than for 2b. The origin of this plateau is believed to be similar for both polymers as the value at low frequencies for the loss modulus is similar (∼5 kPa) in both cases. In contrast to 2a and 2b, no plateau in G′ was observed for 2c, which has a M n of 7 kg/mol. Although, the slope of G′′ is approximately 1, the terminal regime was not reached for 2c as the slope of G′ is smaller than 2.
The Arrhenius plot of macromonomer 4 which has an amorphous poly-4-methyl-caprolactone backbone ( Figure 3B ) shows a change in slope around 100°C. Therefore, two master plots were created: one for the temperature range below 100°C ( Figure 4E ) and one for the range from 100-130°C ( Figure  4F ). The transition temperature (100°C) was used as reference temperature in each of these curves. Below 100°C, the terminal regime is not reached, whereas fanning out of the curves for G′ indicates failure of TTS. Although the number of data points in the temperature range of 100-130°C is limited, the master curve in Figure 4F for the higher temperature range suggests that also here the terminal regime is not reached. Both the origin of the intensive scattering in Figure 4E compared to the other master curves and the nonlinearity of the Arrhenius plot remain unknown.
In order to further investigate the structural requirements for the presence of a low-frequency plateau in the storage modulus, derivative 3 was investigated, which features an adamantyl substituent on the UPy moieties in addition to the urethane groups that are thought to be necessary for the formation of physical cross-links. The adamantyl groups are quite bulky and are expected to hinder stacking of UPy dimers. The rheological master curves of this compound lack a distinct plateau, although a slight curvature of G′ is observed in the low-frequency regime ( Figure 4D ). Application of TTS on the separate temperaturefrequency curves of macromonomer 3 was performed although in the low-frequency regime the TTS is less successful than for the high-frequency regimes. However, failure of TTS to such an extent as seen for 2b was not observed for 3, indicating simpler rheological behavior, although physical cross-links are certainly present, but not enough to form a physical network.
In the high-frequency regime a value of 6.6 × 10 5 Pa is found for the storage modulus of macromonomer 3, which is somewhat higher than the value found for 1 (1.7 × 10 5 Pa) but close to the value found for the storage modulus of 2b (6.1 × 10 5 Pa). When Maxwell behavior is assumed, the terminal relaxation time can be derived from the crossover frequency, where G′ and G′′ are equal. For 3, this leads to a relaxation time of 18.3 ms, close to the terminal relaxation time of PCL 80k, which is 14.6 ms.
Discussion
In this work, the role of stacking and additional hydrogen bonding interactions in UPy functionalized polycaprolactones are investigated. Thermal properties and surface properties were investigated in the semicrystalline state of the polymers, whereas rheology was measured in the melt. In the telechelic polycaprolactones, microphase separation and crystallization of the UPy groups was observed with VTIR. The melting point of the UPy containing blocks was highest when urethane groups were present, except for polymer 3, where the bulky adamantyl groups completely prevent crystallization. Previously, we have shown that additional hydrogen bonding interactions between urea or urethane groups close to the UPy groups give rise to fiber-like features in supramolecular polymers based on poly(ethylene butylene)s, 18, 27 in trimethylene carbonates, 71 and also in polycaprolactones. 47 In polymer 4, fibers could indeed be observed with AFM.
Urethane groups are hydrogen bond donors as well as acceptors. 54, 72 We propose that in the fibers UPy dimers are stacked, and urethane hydrogen bonding occurs roughly parallel to the stacking direction. A cartoon of two layers in such a stack is shown in Figure 6 . Above their melting points, all UPy functionalized PCL derivatives show a remarkable enhancement of rheological properties compared to their hydroxytelechelic precursors, as was previously observed for other polymers. 18, 27 Furthermore, it was already suggested from melt viscosity profiles of UPy functionalized poly(styrene) and poly(isoprene) polymers that aggregates of UPy end groups might be present in the melt. 73 Yet, striking differences in behavior between the PCL's are observed.
The rheological behavior of 1 confirms the conclusion, already evident from its physical appearance, that it is a supramolecular polymer in which multiple units bind to each other via hydrogen bonds. The assumed maxwellian behavior of 1 is in agreement with Cates' predictions for linear supramolecular (or "reversible") polymers with fast breaking dynamics compared to the reptation time scale. Cates 28, 31 predicts that the behavior of such polymers is characterized by a single relaxation time τ, which is the geometrical mean of the reptation time, τ rep , and the average time, τ break , before a break occurs anywhere along the polymer chain τ ) (τ rep τ break ) 1/2 . As a result, the rheology of such polymers is like that for monodisperse covalent polymers even though a statistical (Flory) molecular weight distribution with M w /M n ) 2 is expected. In contrast to this, a supramolecular polymer with τ break > τ rep would display the rheology of a polydisperse polymer with significant curvature of G′ and G′′ below the crossing point of the curves. From the rheological behavior of 1 and the absence of a low-frequency plateau for G′, it can therefore be concluded that the UPy end groups of this polymer associate in a highly directional fashion to give linear supramolecular chains with a lifetime which is significantly shorter than 1.6 ms at 70°C. The lifetime of the individual dimerized UPy units is expected to be longer (proportionally to the supramolecular DP, which may be up to 400 for 1), since dissociation of any of the UPy dimers along the chain will result in scission of the supramolecular polymer. When the DP of the materials is known, it is possible to calculate the lifetime of a single UPy dimer in the melt, thus establishing a direct relationship between molecular and rheological parameters. Unfortunately, the actual DP of 1 cannot be given.
A molecular interpretation of the remarkable differences in rheology between 1 and 2b (viz. the presence of a plateau in G′ in 2b) should be based on the presence of urethane groups in the latter. We propose that in UPy telechelic polymers 2a, 2b, 2c, 4, and to some extent in 3, short stacks of laterally aggregated UPy dimers remain present well above the melting point of these moieties observed in DSC and with VT-IR, giving rise to a physical network. In the case of compound 2b, the physical network persists at a temperature of 130°C, more than 70°C above the melting point. We have analyzed this network with the Flory-Stockmayer theory for tetrafunctional crosslinking of monodisperse high molecular weight polymers, extended by one of the authors for cross-links of any functionality and for polydisperse polymers. [74] [75] [76] [77] [78] [79] [80] [81] Physical networks are in general far from ideal ( Figure 7) . 82 Many polymer molecules are present which are not bound to the network (sol fraction w s ). Moreover many polymer molecules, or small parts of them, form dangling or free ends (fraction w f ) which also do not contribute to the rubber shear modulus G e . Only the ideal part of the network (fraction w m ) contributes to the rubber shear modulus. The network fraction is equal to w n ) w f + w m and w s + w f + w m ) w s + w n ) 1.
The extended Flory-Stockmayer theory can be used to calculate the cross-link index γ w , i.e., the average number of cross-links per weight average primary polymer (in our case per primary supramolecular polymer), from G e , i.e., the equilibrium shear modulus, for a known cross-link functionality and a SchultzFlory molecular weight distribution with M w /M n ) 2. For polymer 2a, γ w was calculated at a number of temperatures, using a value of 239 kg/mol for the maximum attainable M n estimated from end group titration. These values were calculated for stacks of two dimers (cross-link functionality f ) 4) and for stacks of 10 dimers (f ) 20; cross-link functionality f means that f chains leave the cross-link; Table 4 ).
If we assume that the cross-links formed by the sections for the polymers that contain the dimerized UPy moieties and urethane groups and that these cross-links are subject to a thermoreversible equilibrium, we find a relationship between the cross-linking index and the absolute temperature in the following way:
where ΔH is the enthalpy of equilibrium.
For the concentration of cross-links, we have
Because the concentration of UPy dimers is practically constant, this results in so that
Hence upon plotting ln γ w vs 1/T, a straight line should be obtained with slope equal to -ΔH/R (Figure 8 ).
From the slope of the straight line fitted through the points for f ) 4, a value of ΔH ) -6.4 kJ/mol was derived, whereas for f ) 20, ΔH ) -9.3 kJ/mol was found. The interaction energy of a dimeric stack (f ) 4) has a value of -6.4 kJ/mol per pair. In the case of the decameric stack (f ) 20), a interaction energy of (-9.3/9 )) -1.03 kJ/mol per pair is calculated. Furthermore, the rather low (absolute) value of -6.4 kJ/mol is of the order of the interaction energy between benzene rings and also of the order of the interaction energy between mesogenic groups in discotic side chain liquid crystalline polymers. 83, 84 Hence, it is not unreasonable to attribute the crosslink formation to the interaction between UPy dimers, which self-assemble into small (dimeric) stacks. Small aggregates of poly(THF) functionalized with modified adenine were shown to be responsible, in combination with phase separation, for the 
formation of a temperature-dependent physical network with a relatively high plateau modulus. 45 The present work shows that relatively weak interactions (single hydrogen bonds) are also able to create a physical network with significant moduli in supramolecular polymers when the main chain is concatenated via strong quadruple hydrogen bonds. Aggregation is also concentration dependent, since it is suppressed by lowering the UPy group concentration in higher molecular weight material 2c. The stacking of dimerized UPy groups into stacks above the melting point is a process preceding the crystallization observed in DSC, which is a true phase transition. We tentatively propose that the physical cross-links in the melt form nuclei for crystallization at lower temperatures. Future studies will be directed to understanding the nature of the aggregation process in the melt, in particular whether the stacking is an isodesmic or a nucleated process. 85 In the absence of lateral interactions, like in polymer 1, the rheological behavior is much simpler. Further investigation to get insight in the relation between UPy dimer lifetime and melt rheology will therefore be focused on polymer 1 and analogs in which the molecular weight is controlled by the presence of monofunctional stopper molecules.
Conclusion
The results presented here show that the melt rheology of polar UPy telechelic polymers is strongly influenced by the capability of UPy dimers to further aggregate by means of stacking. We had previously shown that the physical crosslinking, which is the result of aggregation, strongly improves the mechanical properties of an apolar UPy-telechelic polymer. With the present work, we have explored the consequences of UPy stacking for melt processing of polar polymers, and we have shown how end group aggregation in these polymers can be controlled by minor structural modifications.
